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As the society matures, there was an increasing pressure to preserve historic buildings. The 
economic cost in maintaining these important heritage legacies has become the prime consideration 
of every state. Dedicated intelligent monitoring systems supplementing the traditional building 
inspections will enable the stakeholder to carry out not only timely reactive response but also plan 
the maintenance in a more vigilant approach; thus, preventing further degradation which was very 
costly and difficult to address if neglected. 
The application of the intelligent structural health monitoring system in this case studies of ‘modern 
heritage’ buildings is on its infancy but it is an innovative approach in building maintenance.  
‘Modern heritage’ buildings were the product of technological change and were made of synthetic 
materials such as reinforced concrete and steel.  Architectural buildings that was very common in 
Oceania and The Pacific.  Engineering problems that arose from this type of building calls for 
immediate engineering solution since the deterioration rate is exponential.  The application of this 
newly emerging monitoring system will improve the traditional maintenance system on heritage 
conservation.  Savings in time and resources can be achieved if only pathological results were on 
hand.  This case study will validate that approach. 
This publication will serve as a position paper to the on-going research regarding application of 
(Structural Health Monitoring) SHM systems to heritage buildings in Brisbane, Australia.    It will 
be investigated with the application of the SHM systems and devices to validate the integrity of the 







The interest in the heritage conservation has become increasingly significant for the past decades.  
Numerous innovative techniques and solutions has been researched and tried in order to restore the 
ageing building.  Regular inspections and maintenance played a key role in prolonging the life of 
any structures, wether new, old or heritage.  Most often these very important aspects were neglected 
causing more damages than anticipated.  The main reasons, aside for being complacent after the 
constructions or the repairs, were neither most often no dedicated personnel nor instruments to 
monitor the situations.  The added expenses for that contingency were most of the time overlooked 
and ignored.  The consequences were more expensive due to the reactive response when the 
services and/or structural damages occur. 
An intelligent monitoring system was on the table for the application on the heritage buildings.  
This system has recently been introduced in the case of bridges, towers and similar structures which 
suffered structural deterioration due to loading, ageing and outside environmental factors. The 
concept is to utilise the vibration and sounds coming from the structures.  In theory, any changes in 
structural properties will affect the structural vibration properties such as vibration frequencies and 
mode shapes (Yigitcanlar, 2010).  The sounds and vibrations can be collected electronically from a 
sensor, similar to an electronic tuning fork.  And by comparing the sounds and vibrations from its 
normal and by using some inter related algorithm it can detect, localise and quantify the damage.   
This state-of-the-art monitoring system is on its development in Australia and currently branching 
three directions namely: (1) system development, (2) sensor development, and (3) applications 
covering both the structural performance monitoring and structural safety evaluations of SHM 
(Chan & Thambiratnam, 2011).   
The new developing SHM technique could be a valuable tool especially in post-monitoring newly 
restrengthened heritage buildings.   During this research a case study of the recently restrengthened 
heritage building, the Brisbane City Hall will be investigated, applying the SHM systems and 
devices to validate the integrity of the restrengthening technique applied to it.   
1.1 Case Study Building – The Brisbane City Hall 
The Brisbane City Hall is located in the heart of Brisbane’s 
Central Business District at the corners of Ann Street, 
Adelaide Street, and Albert Street. It is one of the most 
noteworthy heritage buildings in Queensland (See Figure 1). 
It was built over a period of ten years between 1920 and 
1930 and was designed by local architects Hall & Prentice 
(Cartwright & Belperio, 2012). The City Hall served as a 
venue for numerous events and has continued to be as such 
for both civic and community functions in the last 80 years. 
The neoclassical inspired design of the Brisbane City Hall 
was reminiscent of the buildings constructed during the 
Italian Renaissance, and was based on ancient rule of 
symmetry.  The classical stone façade conceals a reinforced 
concrete structure in the main section, as well as a steel 
frame construction in the bell tower and dome. The building 
is configured around the central concert hall with its main 
architectural features located in the centre of each of the 
Figure 1:  Bribane City Hall during the 




three facades. The frontage was inspired by Palladian Architecture which featured Corinthian 
columns at the portico and Ionic columns on the three facades.  Externally the building was clad 
with ashlars stone façades on Ann Street, Adelaide Street and King George Square. The ground 
floor and exposed basement were clad with locally sourced Enoggera granite, the upper storey was 
constructed with Helidon freestone, local timber for internal joinery and local Darra cement 
(Queensland Department of Environment and Heritage Protection, 1992).  The rear elevation was a 
rendered brick wall that appeared to have been a late change to the design, possibly as a cost saving 
measure. 
1.2  The Call for Restoration 
The need for restoration arose when it was suspected that the building was subsiding and was on the 
verge of collapse if no immediate renovation were to be undertaken. To accommodate the 
investigation and the re-strengthening of the building, the Brisbane City Hall was closed to the 
public from 2009 to April 2013. Extensive testing and analysis revealed the structural capacity and 
status of the building.   
One major problem that was determined was the 
ingress of water to the basement of the building due 
to the leak coming from the roof. It was claimed that 
there was a subsequent differential settlement of the 
foundation where the water was ponding (Lofthouse, 
2011). A photograph taken a year after Brisbane City 
Hall opened in 1930 shows the original flat roof (See 
Figure 2). Since it was flat, the water could easily be 
trapped and the building became susceptible to 
maintenance problems.  It was discovered that the 
roof was leaking badly due to the limitations of the 
waterproofing system. The major contractor’s (ABI 
Group) project manager, Rod Boxall, explained that 
they had a problem installing a watertight seal on the 
surface of the flat roof. The floor surface of the 
rooftop was exposed and it revealed that bitumen 
membrane was used in the past to protect the floors 
below from water ingress. The bitumen membrane 
that was used for waterproofing was originally from 
Northern Europe where they have a cooler climate. This system was used 60 to 70 years ago and 
was not tested against the Queensland climate. The membrane became relatively brittle once it was 
subjected to the harsh climate of Queensland.  
Over time, cracks also appeared in the concrete resulting from structural movement. The water 
found its way below the barrier from its weakest point until it reached the steel reinforcement of the 
structure.  This proved that the previous repairs were merely cosmetic and lacked thorough problem 
analysis that could have led to a more effective solution. As a result, the structure that was added to 
the roof was demolished because of the leak that was causing serious damage.  
Another issue was that the Brisbane City Hall was sinking caused by an underground stream below 
the foundation  (Lofthouse, 2011). Since the location of the building was previously a swampy site, 
media opinion speculated that it was the cause why the building was subsiding. Further 
investigation contradicted and attested that claim and expressed that much of the excess moisture 
Figure 2:  Photograph showing the original condition 
of the concrete flat roof (Source: Brisbane City Hall) 
  
 
has already been removed and the neighbouring buildings helped divert the water away. After 
analysis it was found that the subsidence was restricted to a limited area of the basement floor slab 
where leaking drains had washed away the sub-base (Cartwright & Belperio, 2012).   
Furthermore, besides the main issues, the major challenge of the Brisbane City Hall restoration lies 
on finding a strengthening solution that will not only be compliant with the current building codes 
but will also not compromise the City Hall’s historical aesthetics following the guidance of the 
Burra Charter and the Australia ICOMOS principles. The Burra Charter and the Australia ICOMOS 
charter for places of cultural significance advocate a cautious approach to change: “do as much as 
necessary to care for the place and make it usable, but otherwise change it as little as possible so 
that its cultural significance is retained” (ICOMOS Australia, 2013,p 1). 
2.0  Strengthening Method 
Results of investigations by several preservation consultants exposed serious problems in the 
Brisbane City Hall’s concrete structure. This became the basis of the comprehensive conservation 
plan for Brisbane City Hall. When it was constructed, the strength and consistency of the hand-
batched concrete used in the structural frame of the building was highly variable. Testings 
performed by D. Beal and Associates revealed that the characteristic compressive strength was 
significantly lower than the current minimum standard of 25 MPa required for structural concrete. 
As a result, the experts were compelled to further assess the main concrete element of the structure. 
They discovered further that the steel reinforcement of the concrete would eventually collapse 
under the prevailing severe stresses. Even if the girders which were susceptible to tension and were 
heavily reinforced, the mode of failure just switch to over-stressing the concrete in the compressive 
zone of the beam and would still gradually lead to a catastrophic disaster. 
The results of the tests proved the building was significantly below the current concrete structure 
requirements; hence, it was imperative that strengthening work should be integrated into the 
conservation strategy for the building. The Aurecon group devised a design methodology to 
strengthen the floor structure by increasing its capacity with additional reinforcement on the 
concrete overlays along the weakened areas. The reinforcement was drilled and was held in place 
vertically by the beams of the structure. This method was subjected to an assessment test done using 
the prescribed method in AS 3600 (Concrete Structures). 
However, the absence of specific guidance on how to resolve the issue of the existing low-grade 
structure that falls more than 20 MPa below the Australian Standard prompted Aurecon to involve 
Civil Engineering Professor Peter Dux from the University of Queensland to verify and validate 
concrete overlaying as their proposed strengthening methodology for the City hall.  
2.1  Re-strengthening Beams and Girders using Overlays 
The Aurecon Group used two methods of structural restrengthening. The first one, an innovative 
approach, was the provision of a concrete overlay on top of the existing beams and girders. The idea 
is to increase the strength of the beams by adding additional bending and shear reinforcement in a 
concrete overlay along the affected length of the beam. Additional steel reinforcement was drilled 
and epoxied vertically into the existing beams underneath (See Figure 3).  
  
 
This technique increases the effective depth of the beam at mid-span resulting in a greater rigidity 
of member that would also decrease the deflection. The vertical dowel bars that were drilled into the 
beams act to resist the horizontal shear force between the new and old concrete. 
A second method for beam and girder re-strengthening was carried out by means of installing a 
series of new steel beams situated beneath the under-strength members. 
2.2  Strengthening of Columns  
Two solutions were proposed for the strengthening of the columns. The first was simply to provide 
a high strength concrete jacket around the edge of the existing profile. This solution was quicker, 
however, in line with the Burra Charter’s policies and guidelines, this was unacceptable to visible 
columns along the corridors and function rooms as it would increase the overall size of the columns.  
The second solution was to remove the outer skin of the column and replace it with a high strength 
concrete, thus preserving the original size. This option was suitable in the columns where the 
increase in original dimensions would be unacceptable.  
A suggestion to insert a steel column into the middle of the existing concrete column was not 
economically feasible at the current stage of technology.   
 3.0  Post -Monitoring and Validation of Strengthening Method Using Structural Health 
Monitoring 
Structural Health Monitoring (SHM) is the use of on-structure sensing system to monitor the 
performance of the structure and evaluate its health status (Chan & Thambiratnam, 2011).  It was 
commonly used in bridges and towers to predict failures caused by overloading, aging and other 
environmental factors.  Its application to monitor the health of heritage buildings were beginning to 
emerge to prevent costly repair in structural restoration, prevent catastrophic failure and to provide 
quantitative data for engineers and infrastructure owners to design reliable and economical asset 
management plan. 
Figure 3:  Brisbane City Hall strengthening of beam using concrete overlay 
  
 
Structural Health Monitoring (SMH) devices were small gadgets with the size of a normal smart 
phone which measures the vibrations and sounds coming from the building.  These small devices 
can be wired or be remotely connected to any PC.  By comparing its transmitted vibrations and/or 
sounds coming from the building and by using interrelated algorithms, the damage on the structure 
can be detected, located and even quantified. This will be a very important for the Brisbane City 
Hall (BCH) since the recent restoration only complied with the minimum structural requirements of 
the Building Code of Australia, in fact,  an agreement was made to prohibit the rhythmic activities 
in the foyer such as dancing and congestion of people (Cartwright & Belperio, 2012).  SHM device 
will be very useful since it will allow round-the-clock monitoring to check if the structural activities 
will not breach the integrity of the City Hall. 
The structural settlement period of any new and recently restored buildings normally happened in 
seven years (7) after the date of completion.  During this period the structures undergo adjustments 
to attain its equilibrium state. Cracks or even failures will become evident during this so-called 
breaking-in period.  This time was very critical as it would identify if the structure requires fine 
tuning and adjustment. In the case of the Brisbane City Hall, it was not only about the compatibility 
of ‘concrete overlay’ (i.e. the adhesion of the new and old concrete) but the integrity of the 
waterproofing which initiates and aggravates the concrete cancer on structure.  It will also monitor 
if the growth of the ‘concrete cancer’ has been arrested if not removed. 
During the restoration of the Brisbane City Hall, there were three researchers evaluating the (1) 
Structural Innovation, (2) Building Pathology and (3) Architectural Significance of the BCH 
restoration.  That was completed and was published in local and international journal including the 
presentation on one of the international conference: Structural Analysis of Historical Construction 
SAHC2014 (Cruz, 2014).  However, the innovation required validation of its integrity. And it calls 
for post monitoring of the strengthening method used.  Hence, the application, of SHM to BCH is 
the next phase of the restrengthening as shown in Figure 4.  
 
 
Figure 4:  Proposed validation of the strengthening of Brisbane City Hall (Source: A.Cruz) 
3.1  Structural Health Monitoring of Brisbane City Hall 
This would validate if the new ‘concrete overlay’ was compatible with older concrete.  During the 
structural settlement period the shear action between the old and new concrete should be monitored 
because of the inherent difference in shrinkage ratio of the two concrete.  There will also a 
  
 
possibility that the corrosion of original reinforcement increased because of the vibration induced 
by the drilling of new reinforcement.  The set-up was illustrated in Figure 5 using at least two 
remote vibration sensors to be installed near the recently restore beams, columns and walls. 
 
Figure 5:  Model-based for Structural Health Monitoring of the Brisbane City Hall post strengthening 
These instruments will monitor the changes of the natural vibrations of the structural components of 
the building.  This vibration will be received by this structural health monitoring device and will be 
transmitted to a receiver and then to a remote PC at any time of the day.   
3.2  Detection of the Presence of corrosion on reinforcing steel using ResiPod - Corrosion 
Rack Probe for Existing Structures. 
On recent restrengthening of the City Hall, evidence of the reinforcement corrosion was noted.  If 
there was no sufficient protection to reverse the corrosion activity there will be possibility that the 
benefit of concrete overlay will negate its benefits because of the increased corrosion activity of the 
older concrete.  This item will detect the growth of corrosion and even calculate the Chloride 
diffusion in the reinforced concrete.  This instrument is shown on Figure 6 courtesy of PCTE. 
 
Figure 6:  CorroMap Corrosion Testing and Corrosion Rate (Source: PCTE) 
This is an optional permanent installation of measuring device that will monitor the rate of 
corrosion on the embedded reinforced concrete in the building CorroRisk.  That would depend on 
the budget for this research. 
3.3  Monitoring the integrity of the concrete flat roof waterproofing using the Hygropin as a 
concrete moisture meter. 
It was revealed in the investigation that the cause of severe concrete deterioration, commonly called 
now as the ‘concrete cancer’, was because of the flaw in the waterproofing membrane from the roof 
  
 
top.  There were also pieces of evidence about numerous repairs on the concrete flat roof.  The 
application of the new state-of-art waterproofing membrane was a good response. However in 
reality, a flat roof, especially concrete, was very hard to maintain under the tropical climate 
condition such as in Brisbane.  Even the natural material could not last longer because of the effect 
of ponding of penetrating water.  There was a saying in the industry that “the sun will always rise in 
the east and set in the west, but the flat roof will always leak”.   
An instrument and a semi-permanent pin will be installed in the roof in order to monitor the 
integrity of waterproofing.  The instrument and pin were shown if Figure 7. This will monitor the 
very slight breach on the integrity of the waterproofing membrane which if neglected will cause 
further deterioration. 
 
Figure 7:  Hygropin Relative Humidity Meter - Concrete Moisture Testing and Waterproofing Integrity (Source: PCTE) 
Vigilant monitoring on the possible initiation of the water penetration from the roof will validate the 
integrity of the waterproofing installed.  There was evidence of numerous repairs of the 
waterproofing in the recent restoration.  This breach of the waterproofing was the cause aggravating 
the concrete cancer on the structure of Brisbane City Hall.  This monitoring was necessary to avoid 
costly damage that was experienced in the last restoration. 
3.4 Investigation on the compressive strength of the concrete using Silver Schmidt – Rebound 
Hammer for Strength Assessment 
The compressive strength of the concrete of Brisbane City Hall was inherently low.  During the 
investigation it was revealed on core drilling samples on the average of 6-12mPa.  During the three 
years’ post monitoring stage a Silver Schmidt – Rebound Hammer will use to monitor the 
compressive strength of the concrete as shown in Figure 8.  It will monitor the effect of the recent 
restoration if it influenced the rate of carbonation or deterioration of the concrete. 
 
Figure 8:  Schmidt Hammer - Concrete Quality and Strength Testing 
  
 
3.5  Measuring Post Deflection on beam using IBIS-S Interferometric Radar – Deflections and 
Vibrations of Structures.  
It was intended to use the advanced IBIS-S Interferometric Radar for the deflection and Vibrations 
of the structure under normal occupancy during the period of post monitoring investigation as 
shown in Figure 9.   
 
Figure 9:  IBIS-S Interferometric Radar - Deflections and Vibrations of Structures (Source: PCTE) 
During the restoration of Brisbane City Hall similar, deflection analysis was done in Balmoral 
Room  by constructing a pool and filling it with water to simulate the loading and then measuring 
the deflection as shown in Figure 11.  It will be conducted exactly where the initial measurement of 
deflection during the restoration and structural restrengthening.  
 
Figure 10:  Beam deflection measurements done in Brisbane City after strengthening (Source: BCC) 
The post monitoring deflection analysis will be done under the normal condition using IBIS-S 
Interferometric Radar and would not disrupt the normal operation on the Brisbane City Hall.  
Alternatively, a theodolite can be used instead should this instrument would not be available. 
4.0 CONCLUSION 
Brisbane City Hall has recently gone through a major structural restrengthening which required the 
use of a very innovative approach called ‘concrete overlay’.  This procedure was similar to bone 
grafting operation in case of a human being who suffered cancer.  However, this procedure was 
never been tested to any heritage buildings around the globe.   This was commonly used only for 
bridges that suffered structural deterioration.  To find out if the operation did not do more harm than 
good, the most prudent action after the restoration was to monitor the structure.  Traditionally, semi-
destructive testing such as deflection measurement after the installation of ‘concrete overlay’ and 
core drilling of samples will be very costly and cumbersome in post-monitoring.  Structural Health 




5.0  RECOMMENDATION 
The conservative provisions of the current building code and standards and strict policies and 
guidelines of both the International and National Charter for conserving heritage buildings posed a 
great challenge to the state, professionals and stakeholders.  While new approaches, resolutions and 
amendments to the charters has been on the table debating on the academic and professional 
congress, conferences and colloquiums several heritage buildings were decaying to the state of 
disrepairs.  Others were structurally restrengthened to the current policy and guidelines in order to 
continue its public use.  The rest required vigilant inspections and monitoring as most of it were on 
the last breath of their structural endurance. 
This publication will form as a position paper to the on-going research regarding application of 
SHM to heritage buildings in Australia.  The aim of this publication is to evaluate the problems and 
the methods to be applied on this study and solicit academic feedback during the presentation.  It is 
hoped that the future analysis, findings, conclusions and recommendation will be presented in 
SHMII-8 (2017) to be held in Brisbane Australia. 
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